In this work, the effects of electroplated Cu (EP Cu) and Cu addition (0.7%) in Sn solder on the intermetallic compounds (IMCs) growth and void formation were clarified by comparison with solder joints comprising of high purity Cu (HP Cu) substrate and pure Sn solder. After aging processes, a new IMC, Cu 3 Sn, was formed at the interface, in addition to Cu 6 Sn 5 formed in the as-soldered joints. The EP Cu and Cu addition (0.7%) both had limited effects on the total IMCs thickness. However, the effects varied on the growth behaviors of different IMCs. Comparing to the void-free interface between Sn and HP Cu, a large number of voids were observed at the Cu 3 Sn/Cu interface in Sn/EP Cu joints. The formation of these voids may be induced by the impurities and fine grain, which were introduced during the electroplating process. The addition of Cu suppressed the inter-diffusion of Cu and Sn at the interface. Consequently, the growth of the Cu 3 Sn layer and formation of voids were suppressed.
Introduction
Intermetallic compounds (IMCs) and voids that form at the interface between solder and copper joints have been given great attention, because the existence of these interfacial IMCs and voids are crucial to several reliability concerns [1, 2] . Especially, the solder joints have been continuously scaled down due to the trends of microelectronic products from two-dimensional integration of circuits (2D IC) to three-dimensional integration of circuits (3D IC) [3] . IMCs' growth and voids formed at the interfacial could induce more brittle fracture and impact fatigue failures [4, 5] .
In a Sn-Cu system, when the molten Sn-based solder alloy wets the Cu substrates, two different types of IMCs, e.g., Cu 6 Sn 5 and Cu 3 Sn, form at the solder/Cu interface. Generally, the Cu 6 Sn 5 layer was reported to be firstly formed at the liquid reaction stage, and becomes thicker with the solid state aging process. Later, a thin Cu 3 Sn layer is usually formed during the solid state aging process [6, 7] . The Cu 3 Sn layer is usually formed during solid state aging process. Moreover, the formation of Cu 3 Sn would result in much bigger volume shrinkage relative to Cu 6 Sn 5 [8, 9] . As a result, Kirkendall voids (KVs) usually were observed at the Cu/Cu 3 Sn interface. It was reported that adding minor metallic (e.g., Ni, Ag, Cu, Zn, Al, Fe etc.) and ceramic (e.g., Al 2 O 3 , ZrO 2 , TiO 2 , SiC etc.) elements into the Sn-based solder could suppress the formation of voids and retard the growth of IMCs [10] [11] [12] [13] [14] [15] . Cu is a basic element in the lead-free solder. Actually, recent research found that Cu also played an important role in reducing the thickness of the Cu3Sn IMC layer [16] . However, the mechanism of Cu addition retarding the growth of the Cu3Sn layer and void formation has not been clarified.
As we know, the Cu substrate in solders/Cu joint is made by the electroplating process. It is clearly different from high-purity Cu (HP Cu). Researchers points out that the voids are more prone to be formed in the Sn-based solder/EP Cu joints, relative to the Sn-based solder/HP Cu joints. Extensive research has been done on the effect of impurities of EP Cu on the formation of KVs [17] [18] [19] . Kim and Yu [17, 18] clearly pointed out the detrimental effect of residual impurities in electroplated Cu UBM (under ball metal) on the void formation, and especially studied the effect of the S element. Liu et al. [19] , proceeding from the source of impurities, systematically studied the influence of electroplating parameters on void formation at the interface. However, there have been few studies that explore the microstructure of Cu substrate. Zou et al. [20] mentioned that the formation of voids might be affected by the grain size of the Cu substrate.
In the present study, the HP Cu substrate, EP Cu substrate, and Sn0.7Cu solder were used to produce Sn/Cu joints. The effect of the microstructure of Cu substrates and Cu addition (0.7%) on the interface growth and void formation were analyzed. The interface evolution, especially the Kirkendall voiding level, was discussed.
Experimental Procedures
The solder used in this work was pure Sn (99.99%) and Sn0.7Cu (wt.%). Two kinds of substrates were introduced, high purity foil (99.99%, 0.1 mm in thickness) and electroplated Cu film (10 μm in thickness) deposited directly on the surface of the Cu foil. The electroplating solution contained CuSO4, H2SO4, HCl, and PEG (polyethylene glycol). The current density used during the electroplating process was 1.7 mA/cm 2 [19] . The solder joints were prepared by melting Sn on the foils at 260 °C for 1 min. To investigate the interfacial microstructure in the solder joints, the isothermal aging for the as-reflowed samples was performed at 150 °C and 180 °C , respectively. Then, these samples were mounted in epoxy and metallurgically polished. The cross-sectional microstructure at the interface was observed by SEM (Sirion200), the compositions of the IMC layer were determined by energy dispersive spectroscopy (EDS), and the average thickness of IMC layers were measured with the software, Image J. X-ray photoelectron spectroscopy (XPS, AXIS UltraDLD) was used to characterize the presence of impurities (C, O, Cl, and S) in all kinds of Cu substrates. The average thickness of the IMC layer was calculated by dividing the IMC layer area by the length of the interface.
Results and Discussion

Sn/HP Cu and Sn/EP Cu Joints after Aging at 150 °C
The interfacial microstructure of Sn/HP Cu and Sn/EP Cu joints after aging at 150 °C with different aging periods are shown in Figures 1-2 . In all of the images, the upper, bottom, and middle materials are solder alloy, copper, and interfacial IMC layer, respectively. The chemical compositions of the IMC layers were characterized by EDS analysis. Figure 1a shows the interfacial microstructure of the as-reflowed Sn/HP Cu joint. A layer of scallop-shaped Cu6Sn5 formed at the interface, and no voids appeared at the interface. After aging at 150 °C for 240 h, a Cu3Sn layer emerged at the interface of Cu6Sn5/HP Cu, but no voids were detected, as presented in Figure 1b . Even after aging at 150 °C for 480 h, as seen in Figure 1c , no voids were observed at the Cu3Sn/HP Cu interface. Moreover, the thickness of the Cu3Sn layer grew rapidly, but the thickness of Cu6Sn5 layer seemed to remain constant.
The interfacial microstructure of the as-reflowed Sn/EP Cu joints can be observed in Figure 2a . Similar to the Sn/HP Cu joints, a scallop-shaped Cu6Sn5 layer formed at the interface and no voids were detected. After aging at 150 °C for 240 h, the total thickness of the IMC layers gradually increased in the Sn/EP Cu joints, and the Cu3Sn layer grew much faster than the Cu6Sn5 layer. Moreover, a certain number of voids were observed at the Cu3Sn/Cu interface, as seen in Figure 2b . When the aging time was extended to 480 h, the Cu6Sn5 layer thickness increased not obviously (Figure 2c) . However, the thickness of the Cu3Sn layer became thicker with the rising aging time. Moreover, the size and number of voids were further increased at the Cu3Sn/Cu interface. In addition, the IMCs morphology became flattened, because Cu diffusion through the scallop valleys was faster than that through the scallop hills [21] . Figure 3a shows the interfacial microstructures of as-reflowed Sn0.7Cu/EP Cu joints. Similar to the as-reflowed Sn/EP Cu joint, a thin layer of Cu6Sn5 was formed at the interface, and no void was observed in the sample. After a 240 h aging treatment at 150 °C , as shown in Figure 3b , the IMC layer thickness increased obviously. A thin Cu3Sn layer emerged between Cu6Sn5 and EP Cu. The thickness of the Cu3Sn layer was found to be sensitive to the Cu content. The addition of Cu could suppress the growth of the Cu3Sn layer. Also, several voids were found at the Cu3Sn/EP Cu interface in the Sn0.7Cu/EP Cu joint. Figure 3c presents the interfacial microstructures of the solder joints aged at 150 °C for 480 h. It was observed that the IMC layer continued to grow. However, lesser voids and a thinner Cu3Sn layer were found at the Sn0.7Cu/EP Cu interface than that of the Sn/EP Cu joint. The interfacial microstructure of the as-reflowed Sn/EP Cu joints can be observed in Figure 2a . Similar to the Sn/HP Cu joints, a scallop-shaped Cu 6 Sn 5 layer formed at the interface and no voids were detected. After aging at 150 • C for 240 h, the total thickness of the IMC layers gradually increased in the Sn/EP Cu joints, and the Cu 3 Sn layer grew much faster than the Cu 6 Sn 5 layer. Moreover, a certain number of voids were observed at the Cu 3 Sn/Cu interface, as seen in Figure 2b . When the aging time was extended to 480 h, the Cu 6 Sn 5 layer thickness increased not obviously (Figure 2c ). However, the thickness of the Cu 3 Sn layer became thicker with the rising aging time. Moreover, the size and number of voids were further increased at the Cu 3 Sn/Cu interface. In addition, the IMCs morphology became flattened, because Cu diffusion through the scallop valleys was faster than that through the scallop hills [21] .
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3.2. Sn0.7Cu/EP Cu Joints after Aging at 150 • C Figure 3a shows the interfacial microstructures of as-reflowed Sn0.7Cu/EP Cu joints. Similar to the as-reflowed Sn/EP Cu joint, a thin layer of Cu 6 Sn 5 was formed at the interface, and no void was observed in the sample. After a 240 h aging treatment at 150 • C, as shown in Figure 3b , the IMC layer thickness increased obviously. A thin Cu 3 Sn layer emerged between Cu 6 Sn 5 and EP Cu. The thickness of the Cu 3 Sn layer was found to be sensitive to the Cu content. The addition of Cu could suppress the growth of the Cu 3 Sn layer. Also, several voids were found at the Cu 3 Sn/EP Cu interface in the Sn0.7Cu/EP Cu joint. Figure 3c presents the interfacial microstructures of the solder joints aged at 150 • C for 480 h. It was observed that the IMC layer continued to grow. However, lesser voids and a thinner Cu 3 Sn layer were found at the Sn0.7Cu/EP Cu interface than that of the Sn/EP Cu joint. Figure 1a shows the interfacial microstructure of the as-reflowed Sn/HP Cu joint. A layer of scallop-shaped Cu6Sn5 formed at the interface, and no voids appeared at the interface. After aging at 150 °C for 240 h, a Cu3Sn layer emerged at the interface of Cu6Sn5/HP Cu, but no voids were detected, as presented in Figure 1b . Even after aging at 150 °C for 480 h, as seen in Figure 1c , no voids were observed at the Cu3Sn/HP Cu interface. Moreover, the thickness of the Cu3Sn layer grew rapidly, but the thickness of Cu6Sn5 layer seemed to remain constant.
The interfacial microstructure of the as-reflowed Sn/EP Cu joints can be observed in Figure 2a . Similar to the Sn/HP Cu joints, a scallop-shaped Cu6Sn5 layer formed at the interface and no voids were detected. After aging at 150 °C for 240 h, the total thickness of the IMC layers gradually increased in the Sn/EP Cu joints, and the Cu3Sn layer grew much faster than the Cu6Sn5 layer. Moreover, a certain number of voids were observed at the Cu3Sn/Cu interface, as seen in Figure 2b . When the aging time was extended to 480 h, the Cu6Sn5 layer thickness increased not obviously (Figure 2c) . However, the thickness of the Cu3Sn layer became thicker with the rising aging time. Moreover, the size and number of voids were further increased at the Cu3Sn/Cu interface. In addition, the IMCs morphology became flattened, because Cu diffusion through the scallop valleys was faster than that through the scallop hills [21] . Figure 3a shows the interfacial microstructures of as-reflowed Sn0.7Cu/EP Cu joints. Similar to the as-reflowed Sn/EP Cu joint, a thin layer of Cu6Sn5 was formed at the interface, and no void was observed in the sample. After a 240 h aging treatment at 150 °C , as shown in Figure 3b , the IMC layer thickness increased obviously. A thin Cu3Sn layer emerged between Cu6Sn5 and EP Cu. The thickness of the Cu3Sn layer was found to be sensitive to the Cu content. The addition of Cu could suppress the growth of the Cu3Sn layer. Also, several voids were found at the Cu3Sn/EP Cu interface in the Sn0.7Cu/EP Cu joint. Figure 3c presents the interfacial microstructures of the solder joints aged at 150 °C for 480 h. It was observed that the IMC layer continued to grow. However, lesser voids and a thinner Cu3Sn layer were found at the Sn0.7Cu/EP Cu interface than that of the Sn/EP Cu joint. Figure 4 . It was found that the voids did not appear at the Sn/EP Cu interface after aging at 150 • C for 120 h, as seen in Figure 4a , while a large number of voids was observed at the Cu 3 Sn/Cu interface in Sn/EP Cu aging at 180 • C after a short aging time (Figure 4b ). In addition, the total thicknesses of the IMC layer were increased significantly after aging at 180 • C for 72 h, especially for the thickness of the Cu 3 Sn layer. Therefore, the temperature had significant influence on changing the growth rate of the voids and IMC layer; especially changing the reaction that occurred at the Cu 6 Sn 5 /Cu 3 Sn interface [13, 22] . The interfacial microstructure of the Sn/EP Cu joints with different aging conditions are shown in Figure 4 . It was found that the voids did not appear at the Sn/EP Cu interface after aging at 150 °C for 120 h, as seen in Figure 4a , while a large number of voids was observed at the Cu3Sn/Cu interface in Sn/EP Cu aging at 180 °C after a short aging time (Figure 4b ). In addition, the total thicknesses of the IMC layer were increased significantly after aging at 180 °C for 72 h, especially for the thickness of the Cu3Sn layer. Therefore, the temperature had significant influence on changing the growth rate of the voids and IMC layer; especially changing the reaction that occurred at the Cu6Sn5/Cu3Sn interface [13, 22] . 
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Growth Behaviors of IMC Layer
The thicknesses of the total IMCs, Cu 6 Sn 5 , and Cu 3 Sn layer for the three kinds of solder joints aged at different aging periods are shown in Figure 5 . It was observed that the thickness of the total IMC layer increased with the aging time. EP Cu and Cu addition (0.7%) seemed to slightly affect the total IMC thickness. However, the growth behaviors of both the Cu 6 Sn 5 and Cu 3 Sn layer were sensitive to the EP Cu and Sn0.7Cu solder. With the increase of the aging time, as presented in Figure 5b , the thickness of the Cu 6 Sn 5 layer in the Sn/HP Cu joints was relatively stable, while the thickness of the Cu 6 Sn 5 layer in the Sn/EP Cu joints was decreased. The thickness of the Cu 6 Sn 5 layer in the Sn0.7Cu/EP Cu joints gradually increased. For the thickness of the Cu 3 Sn layer, as seen in Figure 5c , it was observed that the thickness of the Cu 3 Sn layer increased with the aging time. The growth rate of the Cu 3 Sn layer in the Sn/EP Cu joint was larger than that of Sn/HP Cu. While in the Sn0.7Cu/EP Cu joint, the growth rate of the Cu 3 Sn layer slowed down. This suggested that the EP Cu substrate promoted growth of the Cu 3 Sn layer, while Cu addition (0.7%) had the function of suppressing growth of the Cu 3 Sn layer.
Yoon et al. [13] investigated the effects of Cu on the interfacial reaction of Sn-Ag/Cu solder joints. They also found that increasing the amount of Cu in Sn-Ag solder significantly reduced the thickness of the Cu 3 Sn layer. The proportion of Cu 6 Sn 5 vs Cu 3 Sn in the Sn-3.0Ag-0.5Cu/Cu solder joint after aging at 150 • C for 28 days was about 6:4. On other hand, a Cu 6 Sn 5 /Cu 3 Sn ratio of about 7:3 was observed in the Sn-3.0Ag-1.0Cu/Cu joint. In addition, Choi et al. [22] studied IMC growth in Sn-Ag/Cu solder joints. They found that the thickness ratio of Cu 6 Sn 5 to Cu 3 Sn was about 2:1 as aged at 150 • C for 700 h. In our work, the Cu 6 Sn 5 /Cu 3 Sn ratios were 1:1 in the Sn/HP Cu solder joint, 1:6 in the Sn/EP Cu, and 2:1 in the Sn0.7Cu/EP Cu as aged at 150 • C for 480 h. The results indicated that the EP Cu substrate promotes growth of the Cu 3 Sn layer, and Cu addition (0.7%) is beneficial in retarding the growth of the Cu 3 Sn layer.
As the temperature increased to 180 • C, as seen in Figure 5d , it was observed that the thickness of the total IMC layer of Sn/EP Cu increased with the aging temperature, and the Cu 6 Sn 5 /Cu 3 Sn ratio was 1:6 in the Sn/ EP Cu as aged at 150 • C for 480 h, and 1:8 in the Sn/ EP Cu was aged at 180 • C for 480 h. The results indicated that aging temperature could change the reaction occurring at the Cu 6 Sn 5 /Cu 3 Sn interface.
in Figure 4 . It was found that the voids did not appear at the Sn/EP Cu interface after aging at 150 °C for 120 h, as seen in Figure 4a , while a large number of voids was observed at the Cu3Sn/Cu interface in Sn/EP Cu aging at 180 °C after a short aging time (Figure 4b ). In addition, the total thicknesses of the IMC layer were increased significantly after aging at 180 °C for 72 h, especially for the thickness of the Cu3Sn layer. Therefore, the temperature had significant influence on changing the growth rate of the voids and IMC layer; especially changing the reaction that occurred at the Cu6Sn5/Cu3Sn interface [13, 22] . The thicknesses of the total IMCs, Cu6Sn5, and Cu3Sn layer for the three kinds of solder joints aged at different aging periods are shown in Figure 5 . It was observed that the thickness of the total 
Discussion
According to the results obtained, the voids did not appear at the Sn/HP Cu interface, while they formed at the Sn/EP Cu interfaces. This implied that EP Cu may be the main cause for the formation of voids. In the process of electroplating, a number of impurities and defects were introduced into the deposited Cu film [23] . Impurity elements, such as C, O, Cl, and S, existed in the EP Cu based on XPS analysis, as seen in Figure 6 . Lee and Park [23] reported that the organic impurity, poly ethylene glycol (PEG-), was absorbed at the grain boundary of EP Cu film. Yu et al. [18] showed that the segregation of impurities (like S) to the Cu/Cu 3 Sn interface might lower the nucleation energy of KVs, facilitating the formation and growth of Kirkendall voids. As seen in Figure 2 , during the thermal aging, the Cu 3 Sn/EP Cu interface shifted towards the substrate gradually through the consumption of Cu film. The impurities contained in the film would involve the reaction interface. The Cu 3 Sn/EP Cu interface was the most active area for the voiding, which also served as the heterogeneous sites. Therefore, all evidence indicates that the impurities are obviously a dominant reason for voiding. Moreover, according to the experimental results, it was found that the voiding level increases with growth of the Cu 3 Sn layer. Appl. Sci. 2018, 8, x FOR PEER REVIEW 6 of 8 Figure 6 . The components of EP Cu substrates by XPS spectra.
For the Sn-Cu system, the chemical reactions at the Cu/Cu3Sn and Cu3Sn/Cu6Sn5 interfaces were represented by chemical equations [24] .
At the Cu/Cu3Sn interface on the Cu3Sn side (the elements in square brackets denote the diffusing species):
Cu Sn +→ (1) At the Cu3Sn/Cu6Sn5 interface on the Cu3Sn side:
Cu Sn Sn Cu Sn →+ (3) At the Cu3Sn/Cu6Sn5 interface on the Cu6Sn5 side: 
According to the equations above, the interfacial reaction was a dynamic process. At the Cu3Sn/Cu6Sn5 interface, the reaction direction in Equations (2) and (3) was opposite to that in Equations (4) and (5). The final reaction direction, i.e., the migration direction of the Cu3Sn/Cu6Sn5 interface, was determined, to a large extent, by the diffusion fluxes of Cu and Sn. It is well known that copper was the dominant diffusing species in the Sn/Cu reaction couple [25] . The grain boundary diffusion was a dominant diffusion mechanism for the Cu atom [26] . We plotted some sketch maps reflecting the relation between interface behavior and high-purity Cu (HP Cu), electroplated Cu (EP Cu) and Cu addition (0.7%), respectively, based on the experimental results, as shown in Figure 7 . I was observed that EP Cu was smaller in grain size than that of HP Cu. It is known to all that finer grained Cu film could supply much more diffusion paths for Cu atom diffusion, resulting in a bigger atom flux shifting out of the interface. Hence, a much bigger Cu flux would be generated in the EP Cu. This was favorable for the reactions on the Cu3Sn side (Equation (2) and Equation (3)). In addition, according to Equation Jv=JCu-JSn, the finer EP Cu was able to supply a bigger JCu due to more diffusion paths, which was expected to generate more considerable vacancies at the EP Cu/IMC interface, relative to the HP Cu/IMC. At last, the vacancies gathered together to form the micro voids, or KVs. For the Sn-Cu system, the chemical reactions at the Cu/Cu 3 Sn and Cu 3 Sn/Cu 6 Sn 5 interfaces were represented by chemical equations [24] .
At 
According to the equations above, the interfacial reaction was a dynamic process. At the Cu 3 Sn/Cu 6 Sn 5 interface, the reaction direction in Equations (2) and (3) was opposite to that in Equations (4) and (5). The final reaction direction, i.e., the migration direction of the Cu 3 Sn/Cu 6 Sn 5 interface, was determined, to a large extent, by the diffusion fluxes of Cu and Sn. It is well known that copper was the dominant diffusing species in the Sn/Cu reaction couple [25] . The grain boundary diffusion was a dominant diffusion mechanism for the Cu atom [26] . We plotted some sketch maps reflecting the relation between interface behavior and high-purity Cu (HP Cu), electroplated Cu (EP Cu) and Cu addition (0.7%), respectively, based on the experimental results, as shown in Figure 7 . I was observed that EP Cu was smaller in grain size than that of HP Cu. It is known to all that finer grained Cu film could supply much more diffusion paths for Cu atom diffusion, resulting in a bigger atom flux shifting out of the interface. Hence, a much bigger Cu flux would be generated in the EP Cu. This was favorable for the reactions on the Cu 3 Sn side (Equation (2) and Equation (3)). In addition, according to Equation Jv = J Cu − J Sn , the finer EP Cu was able to supply a bigger J Cu due to more diffusion paths, which was expected to generate more considerable vacancies at the EP Cu/IMC interface, relative to the HP Cu/IMC. At last, the vacancies gathered together to form the micro voids, or KVs.
The Cu element in the solder likely lowered the Cu concentration gradient at the solder/Cu interface, and suppressed the diffusion of Cu atoms from the Cu substrate to the solder [27] .
The declined Cu flux not only reduced the consumption of Cu substrate (Equation (1)), but also was favorable for the reactions on the Cu 6 Sn 5 side (Equation (4) and Equation (5)). Therefore, the growth of the Cu 3 Sn layer was retarded at both sides. Besides, the lesser the consumption of the Cu substrate, the fewer impurities incorporated into the reaction interface. Consequently, fewer voids were formed. The Cu element in the solder likely lowered the Cu concentration gradient at the solder/Cu interface, and suppressed the diffusion of Cu atoms from the Cu substrate to the solder [27] . The declined Cu flux not only reduced the consumption of Cu substrate (Equation (1)), but also was favorable for the reactions on the Cu6Sn5 side (Equation (4) and Equation (5)). Therefore, the growth of the Cu3Sn layer was retarded at both sides. Besides, the lesser the consumption of the Cu substrate, the fewer impurities incorporated into the reaction interface. Consequently, fewer voids were formed.
Conclusions
In this work, the interface growth and void formation in the Sn/Cu as-reflowed joints and aged joints were comparatively studied in the combination of pure Sn solder and HP Cu substrate, pure Sn solder and EP Cu substrate as well as Cu addition (0.7%) of Sn solder and EP Cu substrate. The EP Cu and Cu addition (0.7%) seemed to slightly affect the total IMCs thickness. However, they showed different effects on the growth behaviors of different IMCs, i.e., Cu6Sn5 and Cu3Sn. The EP Cu substrate significantly suppressed the growth of the Cu6Sn5 layer; while it promoted the growth of the Cu3Sn layer. In the case of Cu addition (0.7%), it had the function of suppressing growth of the Cu3Sn layer, but retarded the growth of the Cu3Sn layer. During the thermal aging, a number of voids appeared at the Cu3Sn/Cu interface in Sn/EP Cu joints, but not in Sn/HP Cu joints. These voids could be mainly caused by the impurities and fine grain incorporated during electroplating. The addition of Cu element (0.7 wt.%) retarded the growth of the Cu3Sn layer and suppressed the formation of voids.
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